Accurate modeling of the -bands of armchair graphene nanoribbons (AGNRs) requires correctly reproducing asymmetries in the bulk graphene bands as well as providing a realistic model for hydrogen passivation of the edge atoms. The commonly used single-p z orbital approach fails on both these counts. To overcome these failures we introduce a nearest-neighbor, three orbital per atom p/d tight-binding model for graphene.
I. INTRODUCTION
Since the first experimental demonstration of monlayer graphene structures [1] [2] [3] , their unusual quasi-linear band-dispersion and high bulk mobility 4, 5 have attracted much attention as potential candidates to augment or replace Si as the material for nextgeneration nanotransistors. However, bulk graphene has no band gap, making it unsuitable for logic applications. On the other hand, graphene nanoribbons (sheets less than 10nm wide) can have noticeable band gaps, thus becoming semiconducting devices [6] [7] [8] [9] . Particularly strong candidates for next-generation nanodevices are nanoribbons in the armchair configuration (AGNRs) because their use in field-effect transistors is expected to lead to improved ON-and OFF-currents.
To date most modeling of the -bands of graphene has been carried out with the single-p z orbital model introduced over sixty years ago by Wallace. 10 Its widespread use for both bulk and a variety of nanostructures [11] [12] [13] [14] is doubtless due to its simplicity and computational efficiency, especially for transport simulations. However, the model's virtue, its simplicity, raises a significant question concerning its use for nanostructure simulations: Does it include sufficient physical content to accurately calculate AGNR bandgaps and shapes? An affirmative answer to this question requires the model: (i) to accurately reproduce the ab initio bulk graphene bands in the region around K and along K-M from which the major components of the AGNR bands come; and (ii) to accommodate a realistic hydrogen passivation approach. We show here that the answer to this question is negative on both counts.
First, the single-p z model cannot reproduce the asymmetry at M found in ab initio calculations, as shown in Fig. 1 An improved graphene model must therefore overcome both of these critical failures of the single-p z approach, but to be useful for nanodevice simulations must be structured to efficiently interface with transport calculations. DFT certainly incorporates sufficient physics, but at an unacceptably high computational cost. To date it has only been used in thin AGNR transport calculations 16, 17 , and in any event is still too intensive for iterated design cycles. Non-orthogonal tight-binding 18 and a third-nearest-neighbor -bonded model 19 have been proposed to address the poor bulk reproduction of the single-p z model, however the lack of orthogonality and more-distant neighbor interactions both reduce the efficiency for transport calculations and make the programming aspects of interfacing to nearest-neighbor Si tight-binding models commonly used in device simulations problematic 20 .
Our solution to this dilemma is a relatively simple, nearest-neighbor , , only the 1s-orbital is included, the AGNR -bands cannot be passivated. The passivation model is discussed in detail below.
Our bulk graphene parameters are listed in the left-hand part of Table I , and the DFT+GW bands used to fit them are plotted in Fig. 1 Table I and were optimized to DFT calculations for only the trio AGNR-7, -8, -9, with all carbon atoms in their ideal positions and the H-C bond angle identical to the C-C bond angle.
For all other AGNRs we employ this same set of parameters and achieve very good agreement between our tight-binding model and DFT for all AGNR families.
At this juncture some brief remarks on the differences between the AGNR bands as calculated with and without GW corrections are in order. 
III. APPLICATION: DEVICE CHARACTERISTICS

A. AGNR-MOSFET model
The differences between the two models are readily apparent when an AGNR is used as a nanodevice. We illustrate this point by modeling the AGNR-12 MOSFET described in Ref.
14. In Fig. 3 The two sets of characteristics show significant differences. Although the ON currents in the two models agree well there are major differences in the OFF currents. At both drain biases the z p -only model significantly underestimates the OFF current. This development is not surprising given its much larger gap as shown in Fig. 2 
B. Rough AGNR Conductance
As discussed above (Sec. II), there is still some uncertainty surrounding AGNR gaps in a realistic device environment, so we examine the differences in the p z -only and p/d models for an application which does not depend on the gap: the conductances of roughedged AGNRs. (Because the transport is strictly intra-band the gap is irrelevant.) This issue is technologically significant because fabrication variances will generally produce AGNRs having rough edges, which will affect device performance. Line-edge roughness has been treated in the p z -only model 12 and the third-nearest-neighbor -bonded model 24 by adding an edge-disorder parameter as well as by actually removing carbon atoms from the nanoribbons in the p z -only model. 25 Here we examine the effects of line-edge roughness on AGNR differential conductance in the p z -only and p/d models.
We consider two test sets of rough AGNRs: AGNR-12 and AGNR-13. We simulate In all cases we find significant differences between the two models. In the AGNR-12 case (Fig. 4 ) the artificially-perfect symmetry for N-and P-channel AGNRs in the z ponly model is readily apparent. In contrast, the p/d model displays clear differences in the two at any finite roughness. This behavior is also present in the AGNR-13 case ( 
IV. CONCLUSIONS
Motivated by the need for a nearest-neighbor approach which accurately models 
Equations (4)- (5) 
